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Abstract:  The Photon Drag Effect (PDE) is a nonlinear process akin to optical rectification in 
which the momentum of light is transferred to charged carriers and converted to a DC voltage. 
Here, we experimentally demonstrate the spin-polarized voltage—associated with the transference 
of light’s spin angular momenta to the linear momenta of charges— with visible-light illumination 
on a nanovoid self-assembled plasmonic crystal surface. Numerical calculations show that the 
gradient force, generally considered independent of polarization, is responsible for the majority of 
the momentum transfer.  The PDE in this achiral system represents a distinct spin-orbit interaction 
that produces asymmetric hotspots whose locations change with circular polarization handedness. 
Our results significantly advance our understanding of the PDE and demonstrate realistic potential 
for scalable plasmonic materials that utilize PDE. 
 
1. Introduction 
The momentum transfer from light to matter 
is a well-known phenomenon that is documented as 
early as the turn of the 20
th
 century.
1
  A modern 
variant of this phenomenon is the Photon Drag Effect 
(PDE), which   describes the time-averaged force 
exerted by photons onto charged particles.
2-4
 The 
PDE is a nonlinear second order intensity-dependent 
phenomenon
2,4
 that generates a time averaged DC 
voltage across the material. The PDE voltages that 
result from the illumination of electromagnetic fields 
on smooth conductor or semiconductor surfaces are 
extremely small i.e., limited in its value for practical 
applications.
2,4,5
 In the presence of surface plasmon 
polaritons (SPPs), however, the corresponding photo-
induced voltages are enhanced by several orders of 
magnitude.
6
 The subject of photo-induced potentials 
associated with the PDE in nanostructured plasmonic 
metals or “plasmo-electric” response has 
subsequently gained significant attention.
7-16
 
Although, the direction of the PDE voltage is 
generally in a direction parallel to the plane of 
incidence,
11,12
 as expected from conservation of linear 
momentum principles,
2,3
 there can be an appreciable 
voltage produced in a direction perpendicular to the 
incident plane, known as a transverse photo-induced 
voltage (TPIV).
11,12,17
   
The TPIV results from the conversion of 
spin angular momenta (SAM) of circularly-polarized 
light (CPL) to the linear momenta of charges, whose 
direction changes with spin or CPL handedness.
11,12,17
  
An explanation of the TPIV is associated with the 
longitudinal wavevector that shifts with geometric 
phase and provides the kernel for generalized 
electromagnetic spin-orbit interactions.
18
 With 
plasmonic materials, the spin-dependent wavevector 
of the CPL couples to “spin-locked” SPPs, whose 
henceforth preferential transversal momentum is 
dictated by spin.
19,20
  A second, more classical 
explanation ascribes the TPIV to a polarization-
dependent Lorentz force that occurs via scattering
13
. 
This plasmo-electric model that incorporates the 
Lorentz force provides good agreement with 
experimental trends. While the latter provides a 
framework for addressing opto-mechanical 
forces,
21,22
 the former, which emphasizes the 
topological features in the longitudinal component of 
the electric fields, connects with nonplasmonic 
phenomena.
23-25
 In our investigation of the TPIV, we 
provide a dual perspective of the geometric phase in 
Lorentz forces with spin-orbit interactions in an 
analysis that bridges the two frames above.  
Here, we numerically and experimentally 
demonstrate the PDE TPIV in a bottom-up fabricated 
2D plasmonic crystal composed of nanovoids.  We 
find that the spin-polarized voltage is largely 
attributed to the presence of antisymmetric hotspots 
in each lattice whose locations change with incident 
CPL handedness.  We analytically represent the 
superposition of fields as a distinct class of spin-orbit 
interactions, where the incident SAM couples to its 
extrinsic orbital angular momenta (EOAM)
26
 that 
results from the contoured surface of nanovoid film. 
The spin-polarized voltages are enhanced when the 
surface plasmon polariton (SPP) resonance 
approaches the plasma frequency of the material and 
maximal PDE voltages are produced at a wavelength 
that is red-shifted from the absorption peak, in 
agreement with numerical simulations. Our 
investigation represents the first study of the plasmo-
electric response in a bottom-up fabricated plasmonic 
crystal.  
2. Numerical Model 
Our numerical model for the PDE is 
associated with the Lorentz force, which governs the 
motion of the conduction electrons through the near-
field interactions with the incident electromagnetic 
wave
3
. Its time-averaged relation to the complex 
amplitude of the electric field 𝑬 is7,11,13 
 
𝐅=
αR
4
∇|𝑬|2+
αI
2
Im{∑ Ej
*∇Ej},       (1) 
 
where 𝛼𝑅 and 𝛼𝐼 are the frequency-dependent real 
and imaginary parts of the material polarizability, 
respectively.  In Eq. 1, the first term is referred to as 
the gradient force (GF) while the second term is 
known as the scattering force (SF).
13
  These two 
terms govern the dynamics of the PDE. The SF 
depends strongly on polarization; the GF is generally 
considered to be polarization independent as it is 
dependent on the absolute value of  𝑬.  
In fact, the GF carries a critical role in generating 
the TPIV even though the TPIV depends strongly on 
the polarization of E: the intensity of E in a direction 
normal to the surface is a superposition of incident 
and scattered fields that depends on the topological 
phase associated with circular polarization 
handedness. The SF is proportional to the imaginary 
part of the product of the electric-field with its 
gradient and represents the difference in phase 
between two orthogonal field components. The GF is 
the dominant term in generating the TPIV; the 
gradient of |𝑬|2 is typically much larger 
than  𝐼𝑚{𝐸𝑗
∗∇𝐸𝑗}.  
We numerically calculate the PDE voltage on our 
plasmonic crystal surface by utilizing the dipole 
approximation model.
13
 The voltages on our 
nanovoid structure are numerically simulated with 
Comsol Multiphysics finite element analysis 
software.  The simulation domain is a rhombic unit 
cell representing a 2D hexagonal lattice.  The angle 
of incidence (AOI) is in the x-z plane and range from 
21° to 51°. 
We incorporate the PDE as a perturbation and 
calculate the voltages produced across the plasmonic 
nanovoid sample from the local forces on individual 
structures. This is a reasonable approximation as 
intensity-dependent changes in refractive index are 
small.
27
  Adjacent nanovoids in the y-direction (x-
direction) are treated as an assemblage of batteries in 
series (parallel). 
9
  Therefore, the cumulative voltage 
is product of the average voltage across a single unit 
cell with the number of unit cells in the transverse 
direction of the illuminated area.  
𝑇𝑃𝐼𝑉 =
1
𝑒
∗
1
𝑉𝑜𝑙
∫ 𝐹𝑦(𝒓) 𝒅𝒓 ∗ 𝐿          (2) 
where e is the charge of an electron, Vol is the 
volume of the unit cell used in the simulation, L is the 
length of the incident beam in the y-direction.  The 
combination of Eqs. (1) and (2) yield the final 
numerically-calculated TPIV due to CPL incident on 
the nanovoid film.  
Here we measure that the TPIV generated from 
the GF is significantly larger than that generated from 
the SF. The high field localization associated with the 
presence of plasmons leads to large TPIV via the GF 
and PDE is described in Secs. 4 and 5.  
 
3. Experimental Procedures 
The self-assembled nanovoid plasmonic crystal is 
a textured gold film with truncated spherical voids in 
a 2D hexagonal lattice.
28
  The surface is fabricated as 
follows [Fig. 1(a)]: An initial gold film is deposited 
via physical vapor deposition on a glass substrate 
with a nominal Ti wetting layer for adherence.  A 
monolayer of close-packed 600 nm diameter 
polystyrene (PS) spheres is self-assembled on the 
gold film via the process of convective assembly.
29
  
The film is then placed in a gold-plating bath where 
gold is electro-deposited between the PS spheres and 
forms a gold cup around each PS sphere.  Finally, the 
PS spheres are removed by dissolution in 
tetrahydrofuran, which then leaves the periodic array 
of truncated spherical nanovoids.  The height of the 
gold deposit around each sphere is controlled by the 
total amount of charge that passes through the bath.  
The depths of the nanovoids are moderately 
homogeneous and ranged from 75 nm to 105 nm 
across the sample.  The median nanovoid depth of 90 
nm is used for numerical calculations of the TPIV.  
The irregularity in the gold deposition depth is 
considered to be the primary source of sample 
inhomogeneity in our experiments. 
 The nanovoid sample is illuminated with a 
tunable optical parametric oscillator that is pumped 
with a frequency-tripled Q-switched Nd:YAG laser 
[Fig. 1(d)].  The pulses are 4.5 ns in duration and 
have a repetition rate of 10 Hz. The DC voltages are 
detected and measured with an oscilloscope. The 
sample is electromagnetically shielded from the 
ambient environment.  The active sample area has a 
cross section of 3 mm in the x-direction and a width 
of 14 mm between the two electrodes in the y-
direction.   
The generated TPIV is independent of the width 
of the beam in the x-direction and proportional to the 
length of the beam in y-direction.  In order to 
measure the largest voltage with minimal damage to 
the samples, a highly elliptical beam profile is used. 
All voltage measurements and calculations in this 
experiment are normalized to an intensity I = 1 
𝑀𝑊/𝑐𝑚2 and a length L= 7 mm in the y-direction.  
The area of the beam spot size on the sample is also 
taken into account in order to consider the effective 
intensity associated with the various measurement 
angles.  
 
4. Results and Discussion 
   Figure 2 shows experimentally-measured 
reflectivity data for CPL illuminating the nanovoid 
sample between 490 nm and 590 nm.  The 
numerically-calculated dispersion curves are 
overlaid.  The theoretical TM and TE dispersion 
curves for the nanovoid sample have been 
investigated in Ref. 30.  The spectral properties of 
this mode are independent of the incident CPL 
polarization handedness. We center our investigation 
on the plasmon mode that occurs between 500 nm 
and 600 nm for CPL. 
The depth of the individual nanovoid affects the 
spectral response of the SPP mode: as the nanovoid 
Fig. 2.  Experimentally-measured reflection spectra of CPL 
from nanovoid sample.  The dashed line and shaded area 
show the SPP dispersion from numerical simulations 
corresponding to a nanovoid depth of 90 ± 15 nm.   
d) 
 
Fig. 1.(a)  Principal stages of the fabrication process for the nanovoid surface:  (i)  20 nm layer of gold. (ii)  PS spheres self-assembled on gold 
film.  (iii)  Gold is electroplated onto the gold film underneath.  (iv)  The PS spheres are removed. (b) SEM and (c) AFM image of nanovoids.  
The nanovoids had median depth of 90 nm, a corresponding rim diameter of 430nm, and a lattice constant of 600 nm. (d) Schematic of the 
sample setup, where 𝜃 is the AOI in X-Z plane.  The sample area is 3 mm in the x-direction, and 14 mm the y-direction, transverse to the plane 
of incidence.   The voltage is measured across the y–axis of the sample. 
i) ii) 
iii) iv) 
b) c) a) 
depth increases, the SPP mode blue-shifts [Fig. 2].  
Variations in nanovoid depth in our samples are 
evident in the broadening of our measured plasmonic 
absorption, which increases at higher AOIs and leads 
to a less-pronounced absorption mode at higher AOI. 
We attribute the unusual red-shift of the SPP mode to 
incomplete removal of the PS spheres. 
The experimental TPIV is compared with 
numerical calculations in Fig. 3.  Right circular 
polarizations (RCP) and left circular polarizations 
(LCP) produce voltages of opposite signs while TM-
polarized light produces a significantly reduced TPIV 
[Fig. 3(a)].  The incongruous doubling of the 
measured TPIV for LCP could be attributed to the 
additional EOAM associated with the highly 
elliptical spatial profile.  
 An interesting feature of the RCP TPIV is an 
enhancement of the voltage at increasing angles [Fig. 
3(b) & 3(c)].  The TPIV increases linearly for the 
AOIs below 33°, and then near 33°, the TPIV 
saturates and with only a slight increase at AOIs 
above 33°. We believe that the enhancement and 
subsequent saturation of the TPIV lies in the 
overlapped spectral response of this SPP mode with 
the plasma frequency of gold, or a wavelength of 
approximately 500 nm.  In the linear regime, i.e. an 
AOI for 21° to 33° [Figs. 3(c-d)], the SPP mode 
correspondingly shifts towards higher energies [Fig. 
2], and therefore closer to the plasma frequency of 
the gold.  At AOIs higher than 33°, the small 
dispersion of the plasmon mode leads to a nearly 
constant TPIV and coincides with constant spectral 
separation between the plasmon mode and the plasma 
frequency.  We are not the first to consider that the 
TPIV may increase as the SPP mode approaches the 
plasma frequency; a higher degree of momentum 
transfer between the SPPs and conduction electrons 
are first reported to occur via SPP-electron scattering 
in Ref. 13.   Our observations above support the 
conjecture that relates the magnitude of the TPIV to 
the overlap between the SPP’s spectral response and 
bulk plasma frequency. 
What is surprising is that the GF is an order of 
magnitude larger than the SF and dominates the 
contribution of the Lorentz Force in our numerical 
simulations [Fig. 3(b)].  The large net GF is attributed 
to the asymmetric hot spot that develops on each 
nanovoid when illuminated with CPL. The hotspot 
shifts in location with AOI and when illuminated 
with the opposite-handed CPL and its asymmetric 
position is the primary driver for the polarity of the 
TPIV.  We illustrate the electric-field amplitude on 
the surface of the nanovoid structure [Fig. 4], which 
shows the asymmetric hotspot.   
Fig. 3. (a) Experimental (data points) and numerically 
calculated (solid lines) showing the TPIV at an AOI of 30°.  
The Numerical LCP voltages are scaled by a factor of 1.9 (b) 
The GF (solid line) and SF (dashed line) contributions to the 
TPIV for both LCP and RCP at an AOI of 30°. (c) LCP and 
(d) RCP peak TPIV as a function of angle.  The red dots are 
experimental data while the blue line represents the peak TPIV 
from numerical calculations.  
a) b) 
c) d) LCP RCP 
Fig. 4. Contour plot of the E-field normal on the surface of the nanovoid structure when illuminated with (a) LCP and (b) RCP at the 
plasmon resonance for an AOI of 30°.  The black arrows are the E-field projected on the surface of the intervoid plane.  The insets are a 
contour plot of the transverse force along the surface of a nanovoid unit cell for LCP (left) and RCP (right).  The arrows indicate the net 
force at the tail of arrow.  
LCP RCP 
a) b) 
Our observation of the polarization-dependent 
movement of hotspots on an achiral structure is 
novel and differs distinctly from prior observations 
that either identify polarization-dependent hotspot 
locations when light illuminates an anisotropic 
plasmonic structure or when light is imprinted with 
optical vortices or intrinsic orbital angular 
momentum (IOAM).
26
  In prior work, the asymmetric 
hot spots are viewed as a manifestation of coupled 
TE and TM modes
16
 or spin-orbit 
interactions.
18,26,31,32
  Here, we classify the 
polarization-dependent chiral intensity patterns from 
an achiral plasmonic structure in the framework of 
spin-orbit interactions.
11
   
The direction of the GF on the nanovoid structure 
is static in a manner that the net voltage due to the 
GF does change when integrated over the entire unit 
cell.  The magnitude of the force is greatest at the 
location of the local void hotspot.  The inset plots of 
Fig. 4 show colormaps and vectors of the magnitude 
and direction of the time-averaged force experienced 
by the electrons in the plane of the plasmonic surface.  
The majority of the time-averaged force is created at 
the rim of the nanovoid and is directed in the radial 
direction away from the rim edge.  The radial forces 
indicate that appreciable magnetic fields are 
produced perpendicular to the nanovoid surface.
 27
  
 
5. Analysis 
  
A simple analysis illustrates the underlying GF of 
the TPIV with connections to spin-orbit interactions 
i.e., changes in the longitudinal scattered field 
component that depend on the CPL handedness. 
From Ref. 31, the longitudinal field Δ± of a ±-handed 
CPL beam with a transverse profile of  
𝐴′ = 𝐴(𝜌, 𝜙, 𝑧′) is:  
 
∆±= − ∫ 𝑒
−𝑖𝑘(𝑧′−𝑧) [𝜕𝜌𝐴
′ ± (
𝑖𝜕𝜙
𝜌
𝐴′)] 𝑑𝑧′𝑒±𝑖𝜙
𝑧
−∞
. 
 
Prior examples of spin-orbit interactions with 
plasmonic structures address the real part of the 
square-bracketed term, e.g., the combination of CPL 
scattering from round apertures imprinted with 
IOAM 
31-33
.  Here we adjust the model of Ref. 31 and 
consider the oblique plane-wave illumination of a 
round aperture.  The hotspots are the intensity 
patterns of the electric fields normal to the 
plasmonic-surface, which contain contributions of 
both transverse and longitudinal electric fields:  
𝐸𝑝 = − cos(𝜃) ∆± + sin(𝜃) 𝐴  
where the unit-normalized transverse profile 𝐴 is a 
Heaviside function in the oblique plane defined by 
𝜌cos (ϕ) =  𝑧 tan(𝜃) 
𝐴 =  𝐻(𝜌 −  
𝑎
√(1 + cos2(𝜙) tan2(𝜃)
), 
where a is the radius of the aperture.  In our system, 
the spin-orbit interactions arise from the imaginary 
component of the square-bracketed term in Eq. 3, 
which now represents the coupling between 
azimuthal changes in intensity or EOAM, 
𝐼𝑚 [(
𝑖𝜕𝜙
𝜌
𝐴)], and radial variations phase,  𝐼𝑚[𝜕𝜌𝐴].   
In Fig. 5, we plot |𝐸𝑝|
2 [Eq. 4] around the rim of 
the metallic circular aperture at an AOI of 30° and 
ratio of aperture radius to incident wavelength of 
215/543 (red). The numerically-simulated intensity 
around the nanovoid for the same AOI is also shown 
(black).  The field intensity perpendicular exhibits 
mirror symmetry along the plane of incidence.  
Differences in the simulation mesh for LCP and RCP 
lead to variations from perfect mirror symmetry for 
the numerical results. The simple model [Eq. 3] 
assumes that the profile 𝐴(𝜌, 𝜙, 𝑧) is produced by a 
perfect absorber and neglects the contribution of 
reradiated fields.  Nonetheless, a comparison of 
analytical and numerical results indicates agreement 
in the azimuthal location of the hotspots and change 
in location between RCP and LCP. This simple 
model may be generalized to understand spin-orbit 
interactions that occur via scattering in other 
subwavelength geometries.  
 
6. Conclusion 
In summary, we experimentally and numerically 
demonstrate the TPIV created in self-assembled 
nanovoid plasmonic gold film when illuminated with 
CPL in the visible spectrum.  The transfer of 
momentum is expressed through the GF and due to a 
symmetry breaking on the plasmonic sample when 
CPL illuminates at non-normal angles of incidence. 
(3) 
 
(4) 
 
(5) 
 
Fig. 5.  The normalized z-component of field intensity along the 
rim of a circular aperture according to Eq. 3 (red) and calculated 
from the numerical simulation along the rim of the 
nanovoid(black) for (a)LCP and (b)RCP. The azimuthal angle 
represents the angular position around rim of each structure. 
a) b) LCP RCP 
The TPIV is largely associated with GF and 
asymmetric hotspots that change in location with 
polarization handedness.  The polarization-dependent 
hotspots represent a class of electromagnetic spin-
orbit interactions where the radial changes in phase 
are coupled to the azimuthal changes in intensity. The 
rim of the nanovoid at oblique AOI produces the 
break in radial and azimuthal symmetry in the 
electromagnetic fields, which lead to asymmetric 
hotspots and the TPIV associated with GF.   
Further control or enhancement of the PDE may 
lead to the design of novel detectors that achieve 
distinctive advantages over common semiconductor 
technology, for several reasons.  Firstly, the response 
time of the PDE voltage is extremely fast—only 
limited by the decay time of the SPP, which is on the 
order of tens of femtoseconds.
6
  Moreover, the photo-
induced voltages depend on the plasmonic response 
of a material, whose spectral absorption and 
dispersion can be designed and tailored.  The 
measurable differences associated  light spin angular 
momentum (SAM) that are demonstrated here via the 
polarization-selective dynamics of the PDE may 
provide a path  towards the realization of spin-
polarized detectors.
11,16,17
  Lastly, the scalability of 
the bottom-up fabrication of the nanovoid 2D 
hexagonal plasmonic crystal employed here could be 
a candidate for future commercial devices.   
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